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ABSTRACT 
 
Nowadays, there is a renewed interest in the development of advanced/innovative small and medium sized 
modular reactors (SMRs). The SMRs are variants of the Generation IV systems and usually have attractive 
characteristics of simplicity, enhanced safety and require limited financial resources. The concept of the integrated 
primary system reactor (IPSR) is characterized by the inclusion of the entire primary system within a single 
pressure vessel, including the steam generator and pressurizer. The pressurizer is located within the reactor vessel 
top, this configuration involves changes on the techniques and is necessary investigate the boron mixing. The 
present work represents a contribution to the design of an experimental facility planned to provide data relevant 
for the mixing phenomena in the pressurizer of a compact modular reactor. In particular, in order to evaluate the 
boron concentration in the surge orifices to simulate the in-surge and out-surge in a facility, scaled 1:200, respect 
to the ¼ of the pressurizer. The facility behavior studied from one inlet and one outlet of the test section with 
represent one in-surge e one out-surge the pressurizer of a small modular reactor integrated primary system.  
 
 
1. INTRODUCTION 
 
The small modular reactors (SMRs) are projected with modular technology, reducing 
expenditures on series production and allowing the fabrication in a short period of time.  SMRs 
designs include a range of technologies, some of them are variants of the Generation IV 
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systems [1]. Many small modular reactor designs with distinct characteristics have been 
proposed or are being developed. These designs vary in their power output, physical size, fuel 
type, refueling frequency, siting options, and status of development [1, 2].  Some of the 
advanced SMRs, as NuScale, mPower and W-SMR, share a common set of design principles 
like the components of primary system incorporated in only one single vessel, providing the 
increase of the primary reactor vessel (iPWR), more effective heat removal, the increase of the 
pressurizer volume, and the components layout in the vessel, that facilitate the core cooling by 
natural convection.  These features, also adopted by IRIS reactor, use the passive safety 
systems, guaranteeing the optimization of the installations’ safety and its better operation and 
on the global economy aspects [3]. 
 
Generally in an iPWR, the pressurizer is located within the reactor vessel top.  This 
configuration involves changes on the techniques such as the fabrication of a bigger system, 
without any additional costs [4].  Coolant mixing inside the nuclear reactor is the most 
important inherent safety mechanism against boron dilution or overcooling transients and in 
the case of pressurized thermal shock scenarios [5].  Therefore, is necessary to study the mixing 
and homogenization of boron in the pressurizer liquid volume as a function of movement 
mechanisms, which is being considered in the development of an integral modular nuclear 
reactor. 
 
For the study the mixing process in the pressurizer of a small modular reactor with the 
integrated primary system, an experimental facility is being built in a Northeast Regional 
Nuclear Sciences Center (CRCN-NE).  This facility should allow variation of the various 
parameters of design and operation so that they can optimize the mechanisms of 
homogenization.  Like a contribution to the consolidation this experimental facility, this work 
shows the preliminary investigation about the boron concentration in the surge orifices to 
simulate one in-surge and one out-surge in a facility, scaled 1:200, respect to the ¼ of the 
pressurizer. 
 
 
2. PRESSURIZER 
 
2.1. iPWR pressurizer 
 
The geometrical configuration of the pressurizer of the small modular reactor iPWR in real 
plant is represent in    Fig 1.  The pressurizer saturated water is separated from the reactor 
circulating, sub-cooled water, by an internal structure with an “inverted hat shape”.  The 
function of this structure includes: (a) preventing the head closure flange and its seals from 
being exposed to the temperature difference between the reactor and pressurizer water, thus 
reducing thermal stresses and maintaining sealing tightness; (b) it provides an effective thermal 
insulation to minimize heat transfer to maintain an adequate saturated water layer within the 
pressurizer; (c) it provides structural support for the CRDM drive lines, core instrumentation 
tubes, and heaters; and (d) it provides the communication flow paths between the reactor and 
pressurizer for the surge flows [4]. 
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Figure 1:  Transversal cut of the IRIS pressurizer (Font: adapted to [4]). 
 
 
2.2.  Facility description 
 
For the study of boron dilution in the pressurizer in a compact integral modular reactor design 
of an experimental setup in reduced scale was consolidated in the Northeast Regional Nuclear 
Sciences Center (CRCN-NE).  The general configuration of an experimental setup is shown 
schematically in    Fig. 2.  The low-pressure facility have a boration tank (BT), a dilution tank 
(DT), a storage tank (TA), a heat exchanger (HE), two pumps (P-1 and P-2), five flow meters 
and a test section (TS). 
 
 
 
 
Figure 2:  The low-pressure facility flow diagram. 
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The test section (TS) is made of stainless steel with 92 liters capacity, corresponding to 1/4 of 
pressurizer small modular reactor in reduced scale of 1: 200.  It has two inlet orifices and two 
outlet orifices simulating mass flow inlets and outlets, respectively.  The test section is showed 
the    Fig. 3.  The boron concentration is modelled by the concentration field of a tracer solution. 
 
 
  
 
Figure 3:  The test section. 
 
The facility layout shown in Fig. 2, consists of 2 different lines: 
 the primary line, the test section is feed with water from boration tank (BT), where the 
flow rate will be equally divided among two conical stainless steel pipes simulating 
mass flow inlets; 
 the secondary line, the test section is feed with water from dilution tank (DT). 
The test facility is operated with distilled water.  For simulate the mixture the salt was used like 
trace element.  For the measurements to concentration, initially was obtained a calibration 
curve to electrical conductivity (in µS/cm) versus concentration (in ppm).  The measurement 
of the conductivity was determinate from CELTEC conductivity meter bench model FA2104N, 
shown in    Fig. 4.  In this figure is possible see the conductivity probe and the sensor for 
automatic temperature correction. 
 
 
 
 
Figure 4:  Conductivity meter bench. 
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The calibration curve to electrical conductivity (in µS/cm) versus concentration (in ppm) is 
shown    Fig. 5. As it can be seen, there is a linear behavior between conductivity and 
concentration.  Table 1 shows the slope, the intercept and the linear regression coefficient (R2) 
for the calibration curve shown in    Fig. 5. 
 
 
 
 
Figure 5:  Curve electrical conductivity versus concentration. 
 
 
Table 1:  Parameters of electrical conductivity versus concentration 
 
 
slope 
(µS/cm) 
Intercept 
(µS/cm) 
R2 
NaCl 1,552 66,997 0,9993 
 
 
2.3.  Preliminary experiment 
 
In this study, the experiments were executed without heating thus the valves V-9 and V-10 
remain closed, whereas the heat exchanger (TC) was not used.  For preparatory operations all 
pipes were carefully filled with distilled water.  Was used the primary line and the data referring 
to the water volume in tanks and test section are shown in Table 2.  The water total volume in 
all circuit was 92 liters of distilled water. 
 
 
Table 2:  Data referring to the water volume. 
 
 
test section 
(ST) 
dilution tank 
(DT) 
storage tank 
(TA) 
pipes total 
Volume (l) 40,5 28,5 20,0 3,0 92,0 
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The valves V-15 and V-16 were closed during this study, so only one inlet and one outlet of 
test section were opened. The representation of the configuration for is study is shown in    
Fig. 6. 
 
 
 
 
Figure 6:  The low-pressure facility flow diagram of the experiment. 
 
 
In the beginning of the experiment the mass flow inlet and outlet was stabilized. The volumetric 
flow during the experiment was about 10.6 liters per hour.  Then an amount of NaCl was added 
in the dilution tank.  This quantity was calculated to obtain a concentration of 1000 ppm for 
total volume (92 liters).  For investigate the behavior in inlet and outlet of the section test, one 
sample with 100 ml was extracted before inlet and other after outlet.  Using the conductivity 
meter (shown in    Fig. 4) was possible to estimate the concentration that was entering and the 
amount that was leaving the test section. 
 
The results obtained about 3 hours are shown in    Fig. 7.  The blue points represent the 
measurements concentration inlet of the test section and the pinks are the concentration outlet. 
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Figure 7:  Concentration versus time. 
 
 
The behavior of the input and output of the test section was evaluated independently.  At the 
entrance the concentration reaches about 5600 ppm, after this peak it can see a decrease in 
concentration.  This behavior is expected since the dilution was made in a part of the total water 
volume of the circuit.  With the return of the storage tank water to the dilution tank, the 
concentration tends to reduce.  At the beginning of the experiment, the test section had only 
distilled water. With continued addition of water with a certain concentration, a gradual 
increase of concentration in the exit section is expected.  The concentration behavior versus 
time is similar to the observed in literature [6], when was representing the boration process in 
a test section relative the pressurizer,    Fig. 6.  In both case there is an asymptotic behavior, 
assuring boron homogeneity in the test section. 
 
 
 
 
Figure 6:  Normalized concentration versus time – Experiment C [Font: 6]. 
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3. CONCLUSIONS  
 
The preliminary results were obtained through the measurement of the conductivity of the one 
sample extracted at the entrance and the amount that was leaving the test section.  The results 
from experiment allowed the quantification of the NaCl concentration on test session.  The 
asymptotic behavior, of the experimental curve (Fig. 7) is consistent with the boron 
homogenization in literature.  These preliminary study using the facility at the CRCN/NE show 
which this process can be used to quantify the amount of NaCl in the test section and enable 
relate with boron concentration. 
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